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Cold is the most important abiotic factor that affect rice yield in Chile, which can alter the phenology and physiology of the rice 
at seedling stage. With the aim to increase the accuracy for cold tolerance evaluation in Chilean Rice Breeding Program of the 
Instituto de Investigaciones Agropecuarias (INIA), 109 experimental lines were evaluated to cold tolerance using morphological and 
physiological traits, at seedling stage. Cold treatment was achieved by placing seedlings at 5 °C on dark for 72 h and evaluations 
were made after seven days recovery. Leaf chlorosis based on the standard evaluation system scale (SES), Chlorophyll content 
(Chl), Malondialdehyde concentration (MDA) and maximum quantum yield of Photosystem II (Fv/Fm) were evaluated. Best linear 
unbiased prediction (BLUP) for all traits and multivariate analysis were made in order to determine the cold tolerant genotypes. 
Variability in cold tolerance among experimental lines was described by principal component and cluster analysis of BLUPs for all 
traits. The broad sense heritability calculated for SES scale was the highest (0.54), while for Fv/Fm was the lowest (0.10). Genotypes 
with high cold tolerance were Quila 242002 and Quila 241304, while more susceptible genotypes were Quila 64117, Quila 260312 
and Quila 241607. The results suggest that the BLUPs and multivariate analysis allow adequate clustering of rice genotypes according 
to the degree of their cold tolerance. Finally, we suggest that SES scale and Chl content were the most suitable traits to evaluate cold 
tolerance for the rice genotypes studied and for the conditions evaluated.
Keywords: Experimental lines, low temperatures, multivariate analysis, BLUP. 
RESUMEN
El frío es el factor abiótico más importante que afecta los rendimientos del arroz en Chile, el cual puede alterar la fenología y la fisiología 
del arroz en estado de plántula. Con el objetivo de incrementar la precisión en la evaluación por tolerancia al frío en el Programa de 
Mejoramiento Genético de arroz del Instituto de Investigaciones Agropecuarias (INIA) de Chile, se evaluó la tolerancia al frío de 109 líneas 
experimentales en estado de plántula, utilizando atributos morfológicos y fisiológicos. El tratamiento por frío fue realizado sometiendo 
las plántulas a 5 °C por 72 h y las evaluaciones fueron realizadas después de siete días de recuperación. Se evaluó la clorosis foliar según 
la escala del sistema de evaluación estándar del IRRI (SES), el contenido de clorofila (Chl), la concentración de malondialdehido (MDA) 
y la eficiencia máxima fotoquímica del fotosistema II (Fv/Fm). El mejor predictor lineal insesgado (BLUP) para todos los atributos y un 
análisis multivariado fueron realizados con el fin de determinar los genotipos tolerantes al frío. La variabilidad de la tolerancia al frío entre 
las líneas experimentales fue descrita mediante componentes principales y un análisis de conglomerado utilizando los BLUPs para cada 
atributo. La heredabilidad en sentido amplio calculada para la escala SES fue la mayor (0,54), mientras que para Fv/Fm fue la menor (0,10). 
Quila 242002 y Quila 241304 fueron los genotipos con mayor tolerancia al frío, mientras que los genotipos con mayor susceptibilidad 
fueron Quila 64117, Quila 260312 y Quila 241607. Los resultados sugieren que los BLUPs y el análisis multivariado permiten un adecuado 
agrupamiento de los genotipos según el grado de su tolerancia al frío. Finalmente, sugerimos que la escala SES y el contenido de Chl fueron 
los atributos más adecuados para evaluar la tolerancia al frío en los genotipos de arroz estudiados en las condiciones evaluadas.
Palabras clave: Líneas experimentales, bajas temperaturas, análisis multivariado, BLUP.
                             
INTRODUCTION
Low temperatures is one of the main limiting factors for 
crop yield in the world (Sanghera et al. 2011). In the case 
of rice (Oryza sativa L.) in Chile, cold is the most important 
abiotic factor that affects rice production (Alvarado & Grau 
1991). In this country, is growing between the Maule (35° 
S lat) to Biobío Region (36º S lat), being one of the most 
southern countries of the world where rice is cultivated. In 30 
years of temperature data from Chile, the mean of minimum 
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temperatures during the seedling stage ranged between 5 °C 
to 7 °C (Alvarado & Hernaiz 2007). Also, in a cold year for 
rice in Chile (2009), the minimal temperatures can achieve up 
to below 5 °C by six consecutive days. 
 In general, rice is susceptible to temperatures below 15 
°C (Howarth & Ougham 1993; Fujino et al. 2004). The effects 
of low temperatures on the crop depend on the development 
stage, intensity, and exposure time (Díaz et al. 2006). Exposure 
to low temperatures causes physiological changes to the crop 
(De los Reyes et al. 2003, Aghaee et al. 2011) such as decrease 
in total chlorophyll content (Aghaee et al. 2011), inhibition of 
photosynthetic activity (Allen & Ort 2001, Díaz et al. 2006, 
Suzuki et al. 2008), and oxidative stress. Low temperatures 
at vegetative stage affect seedling vigor, which leads to non-
uniform plant height (Da Cruz et al. 2006). Furthermore, there is 
irreversible injury in leaves, such as necrosis, mottled chlorosis 
(Suzuki et al. 2008, Ye et al. 2009), and chlorosis (Andaya & 
Mackill 2003). Leaf damage caused by low temperatures at 
vegetative stage can be evaluated by visual ranking through 
the SES for rice of the International Rice Research Institute 
(IRRI). The screening of genotypes for cold-tolerance based 
on visual scale has been widely accepted (Da Cruz et al. 2013). 
However, these methodologies can have some limitations 
because depend on subjectivity of evaluator (Kim & Tai 2011). 
Accordingly, is necessary to find objective methodology for 
cold tolerance evaluations at seedling stage. Many research 
have shown diverse traits for evaluate cold tolerance in rice at 
vegetative stage. For example, chlorophyll content is a good 
estimator of chlorosis in rice plant (Yoshida 1981) and gives 
a more accurate evaluation than the visual analysis (Park et 
al. 2013). Regarding cold stress damage in plants, some 
evaluations of oxidative damage has been performed (Kim 
& Tai 2011, Zhang et al. 2011, Kim et al. 2012). Oxidative 
damage can be indirectly evaluated by malondialdehyde 
content measurement, which is considered as a marker of cold 
damage (Campos et al. 2003, Kim & Tai 2011). Another widely 
used tool to measure photosynthetic activity and stress signal 
in plants is chlorophyll fluorescence (Sikuku et al. 2010).  
 Multivariate analysis and best linear unbiased prediction 
play a key role in genotype selection. Multivariate analysis is a 
good tool for identification of the best performance genotypes 
for the interest trait (Bosetti et al. 2012), because this analysis 
summarize the information from several traits into a reduced set 
of variables. On the other hand, BLUP is a method of statistical 
analysis for estimate random-effects based in a mixed-model 
(Piepho et al. 2008). One of the most important characteristic 
of BLUP is shrinkage to the mean, which improved the 
estimates of means of traits increasing accuracy (Hill & 
Rosenberger 1985, Piepho et al. 2008). BLUP values for traits 
have showed a good predictive accuracy compared with other 
methodologies (Piepho et al. 2008). Despite their usefulness for 
phenotypic selection, BLUP selection has been underutilized 
by plant breeders (Heffner et al. 2009). Nowadays, there are 
some cold-tolerant rice cultivars that can grow under cold 
climates such as in Australia, Japan, China (Yoshida 1981), 
and Chile (Alvarado & Hernaiz 2007). Chile’s Instituto de 
Investigaciones Agropecuarias (INIA) Rice Breeding Program 
has developed more than 4000 experimental lines with high 
potential for cold tolerance at the seedling stage. However, the 
quantitative genetic basis of cold tolerance at seedling stages 
has been low studied (Da Cruz et al. 2010). Therefore, the aim 
of this study was to increase the accuracy for cold-tolerance 
selection in rice from Chile’s INIA Breeding Program at the 
seedling stage. For this, phenotypic selection for cold tolerance 
was made using BLUPs and multivariate analysis.
MATERIALS AND METHODS
Plant material
Seeds from 109 rice experimental lines of the INIA Quilamapu 
Rice Breeding Program were evaluated. The Colombian 
variety Oryzica 1 was used as a cold-susceptible control 
(Torres & Geraldi 2007) and the Chilean variety Ambar-INIA 
was used as cold-tolerant control. 
Growth conditions
The study was made in INIA Quilamapu in the Biobío Region 
(36°35’ S; 72°05’ W), Chillán, Chile. The cold tolerance 
evaluation was performed similarly as previous studies in rice 
(Andaya & Mackill 2003, Andaya & Tai 2006, Koseki et al. 
2010) with some modifications. Seeds from each genotype were 
sown in 500 ml plastic pots with clay soil (Vertisol) previously 
fertilized with NPK (0.2 g urea, 0.09 g triple superphosphate, 
and 0.11 g potassium muriate) and a water depth of 5 cm. 
Germination and initial growth took place in a greenhouse at 
28 ± 1 °C and 200 μmol photons m-2 s-1. Seedlings with one 
to two leaves, 12 days after sowing, were transferred to field 
conditions under a 60% raschel mesh (AGRI 70, Arrigoni) for 
nine days for acclimation to field conditions from January 1st 
to 9th, 2014. After, plants were grown under 36% raschel mesh 
(AGRI 50, Arrigoni) for 12 days, to reduce the wind effect, from 
January 10th to 22nd, 2014. Seedlings with three to four totally 
expanded leaves were placed in a cold chamber at continuous 
5 ± 0.4 °C under completely dark for 72 h (Koseki et al. 
2010). Afterward, seedlings were exposed to field conditions 
under 36% raschel mesh (AGRI 50, Arrigoni) for seven days 
and leaf samples were taken, from January 26th to February 
1st, 2014. Temperature and rainfall data were logged when 
experiment were conducted under field conditions (Fig. 1). All 
the leaves of three plants from every pot were frozen in liquid 
nitrogen and stored at -80 °C. The experimental design was a 
randomized complete block with 3 replicates corresponding to 
three individual pots. Rice plants with similar appearance into 
the plastic pot were evaluated.
leaf chlorosis  
Leaf chlorosis was evaluated seven days after cold 
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treatment based on SES scale from IRRI (2009) with some 
modifications. The evaluation scale ranges from 1 to 9 based 
mainly on changes in leaf coloration as follows: dark green 
leaf (value 1), dark green seedlings with brown or yellow tips 
(value 2), light green seedlings (value 3), light green seedlings 
with brown or yellow leaves (value 4), yellow seedlings 
(value 5), yellow seedlings with brown leaves (value 6), 
brown seedlings (value 7), brown seedlings with dry leaves 
(value 8), dead seedlings (value 9). Plants with leaf chlorosis 
showing SES values between 1 and 3 were considered as 
a tolerant genotype, 4 to 6 as intermediate, and 7 to 9 as a 
susceptible genotype. For this evaluation the chlorosis of two 
last totally expanded leaves from three plants per pot were 
averaged and were consider as one measurement.
chloroPhyll fluorescence 
Seven days after cold treatment, plants were acclimated 
to the dark at 25 °C for 30 min in a growth chamber and 
fluorescence was measured using the Dionisio-Sese & Tobita 
(2000) protocol with a portable fluorometer (Hansatech, 
FMS 2). Fv/Fm, minimal fluorescence (F0) was determined 
by applying a weak modulated light (0.4 μmol photons m-2 
s-1) for 2 s and maximum fluorescence (FM) was induced by 
a short 0.8 s saturating light pulse (9000 μmol photons m-2 
s-1). The mean of measurements of chlorophyll fluorescence 
of three leaves of different plants per pot were considered as 
one replicate.
chloroPhyll content
This evaluation was performed using the extraction protocol 
defined by Zhang et al. (2009) with some modifications. 
Leaf samples of each genotype and their replicate were 
sampled 7 days after cold treatment. Subsequently, leaves 
were cut in small rectangles, placed on a mortar, ground to 
a fine powder in liquid nitrogen, transfered in a microtube 
of 1.6 ml, and weighed. Then, 600 μl of acetone at 80% v/v 
and sodium carbonate (Na2CO3) at 2% v/v were added. This 
mixture was stirred in a vortex (VM-300). When this process 
was completed, tubes were stored in a chamber at room 
temperature overnight. Samples were centrifuged on the next 
day at 16000 g for 10 min and the supernatant was removed 
to measure absorbance at 470 nm, 663 nm, and 645 nm in 
a spectrophotometer (NanoDrop 2000). Total chlorophyll 
(Chl) content was determined with the equation described by 
Arnon (1949):
Chl = (20.31 A645 + 8.05 A663)/ FW [μg g
-1]
FW = fresh weight tissue in grams.
liPid Peroxidation 
The protocol described by Dionisio-Sese & Tobita (1998), with 
modifications, was used to determine lipid peroxidation. For 
this, the same leaves used for evaluation of chlorophyll content 
were used. A volume of 500 μl of 50 mM potassium phosphate 
buffer at pH 7 was added to the sample that was stirred in a 
Vortex and homogenized with a homogenizer (Heidolph, Diax 
900). The extract was then centrifuged at 16000 g for 30 min 
at 4 °C (Eppendorf centrifuge 5415R). This process resulted 
in a 300 μl aliquot of extract that was mixed with 300 μl 0.5% 
thiobarbituric acid (TBA) in 20% trichloroacetic acid (TCA). 
Subsequently, the mixture was heated at 95 °C for 30 min 
(Thermoline, Cimarec 3) and when the reaction stopped, it 
was placed on ice for a few seconds and centrifuged at 10000 
g for 10 min (Eppendorf centrifuge 5415R). Absorbance 
of 532 and 600 nm was determined in the supernatant with 
spectrophotometer (NanoDrop 2000). The MDA concentration 
was determined by the extinction coefficient, which is equal to 
155 * 106 nmol-1 cm-1 using the standard equation for weight 
in grams for each of the samples: MDA= [(A532 – A600)/ 155 * 
106 nmol-1 cm-1] [nmol g-1 FW], where FW corresponding to 
fresh weight tissue in grams.
statistical analysis
Data normality and homoscedasticity were examined prior 
to calculate BLUPs values. When data was deviated from 
normality, was applied natural logarithm and exponential 
transformation. Data were analyzed statistically with an 
analysis of variance under a mixed model with random 
genotype effect and fixed block effects. The genetic merit 
of each genotype was evaluated by BLUP using restricted 
maximum likelihood (REML) for variance component 
estimation (Searle et al. 1992). Spearman correlation 
coefficient was calculated to determine relationships between 
the traits. Entry-mean broad-sense heritability for all traits was 
calculated using equation described by Doligez et al. (2013):





h2 = broad sense heritability.
σ2G = genotypic variance.
σ2B = block variance.
n = number of replicates (n = 1, when block effect was 
significant).
 Finally, genotypes were clustered with an analysis of 
multivariate similarity based on Euclidean distance and Ward’s 
method (Balzarini et al. 2008). All analyses were performed 
with the InfoStat statistical program and its interface with the 
lme4 package in R software (Di Rienzo et al. 2012). 
RESULTS
microclimatic characterization
Rainfall was low in the period of experiment (13 mm) (Fig. 
1). Mean of minimum air temperature ranged between 5 to 16 
°C, and mean of maximum air temperature ranged between 
20 to 35 °C.
leaf chlorosis
Leaf chlorosis evaluation, based on SES scale, showed 
that 86.5% of the genotypes were cold tolerant, 10.8% 
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fiGure 1. Rainfall and temperature when seedling where exposed to field conditions from January 1st to February 2nd 2014. T°max: mean of 
daily maximum temperature; T°min: mean of daily minimum temperature. 
fiGura 1. Precipitaciones y temperaturas cuando las plántulas fueron expuestas a condiciones de campo desde el 1 de enero hasta el 2 de 
febrero de 2014. T°max: media de las temperaturas máximas diarias; T°min: medias de las temperaturas mínimas diarias.
intermediate, and 2.7% cold susceptible. The cold treatment 
resulted in mortality of susceptible control and very low 
damage in tolerant control (Fig. 2). The susceptible genotype 
control Oryzica 1 showed high leaf chlorosis and browning 
(scale value over 7.7) (Supplemental file 1). On the other 
hand, Ambar-INIA (cold tolerant genotype) showed low 
leaf chlorosis (scale value of 2.3). The most susceptible 
experimental lines were Quila 260312 and Quila 241607 with 
scale values of 7.3 and 7.0, respectively, and the best tolerant 
experimental lines were Quila 241304, Quila 241701, and 
Quila 256601, all of which had scale values of 1.7.
chloroPhyll fluorescence
The analyzed genotypes showed Fv/Fm values between 
0.40 and 0.86 (Supplemental file 1). In our study, 87.3 % 
of genotypes showed Fv/Fm values higher than 0.80. The 
susceptible genotype control Oryzica 1 showed a low Fv/
Fm ratio (0.40). Tolerant genotype control (Ambar-INIA) 
had high ratio of 0.83. A subset of tolerant experimental 
lines consisted of Quila 223202, Quila 242002, Quila 
241612, Quila 256101 and 242013, all of which had an 
Fv/Fm over 0.8, while the most susceptible experimental 
lines were Quila 64117 (0.66) and Quila 260312 (0.75). 
Genotypes with an Fv/Fm ratio lower than 0.80 exhibited 
greater damage in PSII. 
chloroPhyll content
The genotype with the highest chlorophyll content had more 
than four times the pigment content than the Oryzica 1 with 
the lowest content (Supplemental file 1), while Ambar-INIA 
presented near to three times more Chl than susceptible 
control. Experimental lines with low Chl levels were Quila 
64117, Quila 260312 and Quila 256001. Experimental lines 
with high levels of this pigment were Quila 242002, 241304 
and 241305.
liPid Peroxidation
The genotypes evaluated in this study showed MDA 
concentrations between 1.40 and 8.17 nmol g-1 FW 
(Supplemental file 1). The susceptible genotype control 
Oryzica 1 had high MDA content (8.17 nmol g-1), while 
the tolerant genotype controls Ambar-INIA have low MDA 
content (1.61 nmol g-1). Experimental lines with high MDA 
levels were Quila 242007, Quila 64117, and Quila 241607 
whereas the experimental lines with relatively low MDA 
levels were Quila 254701, Quila 244013, and Quila 242101.
Broad sense heritaBility
Variance component and broad sense heritability for each trait 
were estimated. A low broad sense heritability value was found 
for Fv/Fm (0.1), while medium broad sense heritability values 
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were obtained for leaf MDA (0.20) and Chl content (0.22) 
(Table I). On the other hand, moderate broad sense heritability 
for leaf chlorosis, measured through SES (0.54) was observed.
mixed model and multivariate analysis
The distribution of BLUPs for SES, Fv/Fm and MDA in 
the genotypes was skewed toward cold tolerance values 
for each trait (Fig. 3). On the other hand Chl values for 
genotypes studied were normally distributed. High and 
low negative correlation was observed between SES and 
Chl, and Fv/Fm and SES, respectively. Low positive 
correlation was found between Chl and MDA, and no 
correlation was observed between Fv/Fm and MDA, and 
Fv/Fm and Chl (Table II). Results of principal components 
of Linear Unbiased Prediction (BLUP) of genotype effects 
for several cold tolerance traits are shown in Tables III 
and IV. The first two principal components explain 75% 
of the total variance (Table III) and the first component 
contributed 55% of the total variance. The correlations 
of this axis with the original cold tolerance variables 
indicate that Chl and Fv/Fm were the variables with the 
most negative contribution, while with the most positive 
contribution was SES evaluation (Table IV). In the second 
component, lipid peroxidation had a positive contribution, 
while Chl had a negative contribution. The opposite 
projection of SES to Chl and Fv/Fm means that plants 
with low levels of leaf chlorosis and lipid peroxidation 
had high levels of Chl and Fv/Fm (Fig. 4). The biplot 
analysis shows a positive correlation between Chl and Fv/
Fm. Quila 260312, 241607, Quila 64117, and Oryzica 1 
were the genotypes with the most positive projection on 
the first principal component and were located distant from 
other genotypes. These genotypes were more susceptible 
to low temperatures. Conversely, Quila 242002 and Quila 
241304 were considering as the highest cold-tolerant 
genotype because were observed opposite to SES and near 
to Chl content in the biplot. Four differentiated groups 
of genotypes were described from the cluster analysis 
(Fig. 5, Table V). The first group (I), included the most 
susceptible genotypes, Oryzica 1 (cold-susceptible 
control) and three experimental lines. The second group 
(II), included intermediate tolerant genotypes that are 43 
experimental lines. The third group (III), included low 
tolerant genotypes, with 20 experimental lines. Finally, the 
third group (IV), was classified as tolerant and included 
Ambar-INIA and 43 experimental lines. 
fiGure 2. Check cultivars for cold tolerance seven days after cold stress. a: Ambar-INIA, was used as check-tolerance. b: Oryzica 1, was used 
as check-susceptible. In visual rating, cold tolerant cultivar showed a low damage with low levels of leaf chlorosis and browning. In contrast, 
susceptible check, Oryzica 1, presented a high damage including leaf chlorosis, browning and necrosis.
fiGura 2. Cultivares testigos de tolerancia al frío siete días después del estrés por frío. a; Ambar-INIA, fue utilizado como testigo tolerante. b: 
Oryzica 1, fue utilizado como testigo susceptible. En el análisis visual, el cultivar tolerante mostró poco daño con bajos niveles de clorosis foliar 
y pardeamiento. En contraste, el testigo susceptible presentó altos niveles de daño, incluyendo clorosis foliar, pandeamiento y necrosis.
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taBle I. Variance component and broad sense heritability estimation.







SES 0.0505 0.0144 0.0361 0.54
Fv/Fm 0.0010 0.0001 0.0009 0.10
Chl 3482.4 762.8 2719.6 0.22
MDA 0.0212 0.0016 0.0196 0.20
h2=Broad sense heritability; σ2P=phenotypic variance;σ
2
G= genotypic variance; σ
2
B= Block variance. / h
2=Heredabilidad en sentido amplio; 
σ2P=varianza fenotípica;σ
2
G= varianza genotípica; σ
2
B= varianza del bloque.
taBle ii. Correlation coefficients between traits evaluated: standard evaluation system scale (SES), maximum quantum yield of Photosystem 
II (Fv/Fm), Chlorophyll content (Chl), Malondialdehyde concentration (MDA).
taBla ii. Coeficientes de correlación entre los atributos evaluados: escala del sistema de evaluación estándar (SES), eficiencia máxima 
fotoquímica del fotosistema II (Fv/Fm), contenido de clorofila (Chl), concentración de malondialdehido (MDA).
trait fv/fm mda ses chl
Fv/Fm 1.00 0.02 -0.21 * 0.03
MDA  1.00 0.25 * 0.18 *
SES   1.00 -0.41 *
Chl    1.00
* Significant at the 0.001 probability level.
taBle iii. Principal component analysis of genetic merits for four variables used to evaluate cold tolerance in rice genotypes.
taBla iii. Análisis de componentes principales de los méritos genéticos para las cuatro variables usadas para evaluar la tolerancia al frío en 
los genotipos de arroz.
 PrinciPal comPonents ProPortion cumulative ProPortion
 1 0.55 0.55
 2 0.20 0.75
 3 0.16 0.91
 4 0.09 1.00
taBle iv. Weighted coefficients of variance explained for each variable used for principal components 1 and 2.
taBla iv. Contribución de los coeficientes de varianza explicados para cada variable usada en los componentes principales 1 y 2.
variaBles Pc1 Pc2
BLUP SES  0.58  0.10
BLUP Fv/Fm -0.48 -0.08
BLUP Chl -0.52 -0.49
BLUP MDA -0.41  0.86
Principal component 1 (PC1); principal component 2 (PC2); best linear unbiased prediction (BLUP); standard evaluation system scale (SES); 
maximum quantum yield of Photosystem II (Fv/Fm); chlorophyll content (Chl); malondialdehyde concentration (MDA). / Componente 
principal 1 (PC1); componente principal 2 (PC2); mejor predictor lineal insesgado (BLUP); escala del sistema de evaluación estándar (SES); 
eficiencia máxima fotoquímica del fotosistema II (Fv/Fm); contenido de clorofila (Chl); concentración de malondialdehido (MDA).
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fiGure 3. Distribution of BLUPs for different traits evaluated. A; BLUPs for standard evaluation system scale (SES). B; BLUPs for maximum 
quantum yield of Photosystem II (Fv/Fm). C; BLUPs for Malondialdehyde concentration (MDA). D; BLUPs for Chlorophyll content (Chl). 
T: tolerant genotype, Ambar-INIA; S: susceptible genotype, Oryzica 1.
fiGura 3. Distribución de los BLUPs para los diferentes parámetros evaluados A; BLUPs para la escala del sistema de evaluación estándar 
(SES). B; BLUPs para la eficiencia máxima fotoquímica del fotosistema II (Fv/Fm). C; BLUPs para la concentración de malondialdehido 
(MDA). D; BLUPs para el contenido de clorofila (Chl). T: genotipo tolerante, Ambar-INIA; S: genotipo susceptible, Oryzica 1.
fiGure 4. Biplot based on BLUPs of 4 traits studied in all genotypes. Axes X and Y show principal components 1 and 2, respectively. Lines 
show BLUP for each trait studied. Best linear unbiased prediction (BLUP); standard evaluation system scale (SES); maximum quantum yield 
of Photosystem II (Fv/Fm); chlorophyll content (Chl); malondialdehyde concentration (MDA). The circle represents the rice genotypes.
fiGura 4. Biplot basado en los BLUPS de los 4 atributos estudiados en todos los genotipos. Los ejes X e Y muestran los componentes princi-
pales 1 y 2, respectivamente. Las líneas representan los BLUP para cada atributo estudiado. Mejor predictor lineal insesgado (BLUP); escala 
del sistema de evaluación estándar (SES); eficiencia máxima fotoquímica del fotosistema II (Fv/Fm); contenido de clorofila (Chl); concen-
tración de malondialdehido (MDA). Los círculos representan los genotipos de arroz estudiados.
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fiGure 5. Dendrogram of cluster analysis based on BLUP of traits studied. Analysis of similarity was based on Ward’s method using Euclidean 
distance. Dashed line show the reference point used to analyze the clustering. Four clusters were identifying (I, II, III and IV).
fiGura 5. Dendrograma del análisis de conglomerado basado en los BLUPs de los atributos estudiados. El análisis de similitud fue basado en el 
método de Ward utilizando la distancia Euclídea. La línea discontinua muestra el punto de referencia utilizado para analizar el conglomerado. 
Cuatro conglomerados fueron identificados (I, II, III and IV).
taBle V. Classification of 111 rice genotypes according to their cold-tolerance based in cluster analysis.
taBla V. Clasificación de los 111 genotipos de arroz estudiados según su tolerancia al frío basado en el análisis de conglomerado.
GrouP cold-tolerance GenotyPes
I Susceptible Oryzica 1, Quila 241607, Quila 260312 and Quila 64117.
II Intermediate tolerant  INIAG 144, INIAG 172, INIAG 70, INIAG 79, INIAG 99, Quila 216202, Quila 216501, Quila 222204, 
Quila 231701, Quila 240101, Quila 240103, Quila 241610, Quila 241703, Quila 242007, Quila 242108, 
Quila 242112, Quila 242121, Quila 242203, Quila 242609, Quila 242610, Quila 242612, Quila 242616, 
Quila 242701, Quila 242703, Quila 242802, Quila 242808, Quila 243008, Quila 249002, Quila 249006, 
Quila 249301, Quila 249304, Quila 252201, Quila 252702, Quila 253701, Quila 254101, Quila 256103, 
Quila 256501, Quila 256602, Quila 256603, Quila 260404, RQuila 17, RQuila 356 and RQuila 363.
III Low tolerant INIAG 257, INIAG 115, INIAG 165, INIAG 169, Quila 194602, Quila 194603, Quila 200112, Quila 
208902, Quila 241307, Quila 241801, Quila 242012, Quila 242106, Quila 242204, Quila 242608, Quila 
242613, Quila 249104, Quila 252801, Quila 254701, Quila 256001 and Quila 256901.
IV Tolerant Ambar-INIA, INIAG 27, Quila 241313, Quila 213007, Quila 222703, Quila 223105, Quila 223202, Quila 
224802, Quila 225102, Quila 240208, Quila 241304, Quila 241305, Quila 241315, Quila 241319, Quila 
241321, Quila 241605, Quila 241612, Quila 241701, Quila 242002, Quila 242003, Quila 242006, Quila 
242010, Quila 242011, Quila 242101, Quila 242114, Quila 242115, Quila 242207, Quila 242415, Quila 
242420, Quila 242504, Quila 243010, Quila 244013, Quila 249101, Quila 249103, Quila 249203, Quila 
249303, Quila 251303, Quila 253003, Quila 256002, Quila 256101, Quila 256104, Quila 256106, Quila 
256601 and Quila 256701.
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DISCUSSION
The cold tolerance evaluation using SES scale, allowed us to 
find genotypes with high cold tolerance at seedling stage. In a 
similar study, treatment of 4 °C by three days was enough to 
predict survival ratio of genotypes at seedling stage (Koseki 
et al. 2010). In contrast, widely applied evaluations at 9 °C 
and 10 °C, need between 10 to 14 days of stress treatment to 
properly asses cold tolerance in rice (Da Cruz et al. 2010, Ji 
et al. 2010, Kim & Tai 2011, Kim et al. 2012). 
 Chlorophyll fluorescence analysis is considered one of 
the best indicators to measure photoinhibition of photosystem 
II (PSII) (Bonnecarrère et al. 2011). Photochemical efficiency 
of PSII is essential to determine cold tolerance in rice plants 
since it is directly related to photoinhibition caused by low 
temperatures at vegetative stage of the crop (Jeong et al. 2002). 
However, poor differentiation between genotypes was observed 
using chlorophyll fluorescence evaluation, because the high 
percentage of genotypes presented healthy values, over 0.8. 
Krause and Weis (1991) determined that standard value of 0.8 
in the Fv/Fm ratio indicates acceptable rate of photosynthesis 
and thus low photoinhibition. Only the three most susceptible 
genotypes presented low values. Similar results were reported 
by Bonnecarrère et al. (2011), who show a decrease in the Fv/
Fm values in rice cultivars after low temperature treatment. 
 The evaluation of chlorophyll content after cold treatment 
showed a good discrimination of cold tolerance between the 
genotypes. This trait allowed find genotypes with tolerance 
greater than control tolerant, Ambar-INIA. Low Chl after low 
temperature treatments was observed by Dai et al. (1990), 
who reported that chlorophyll decreased approximately 80% 
in rice leaves. High Chl in experimental lines could be due to 
the protection mechanism’s better response against damage 
caused by low temperatures through carotenoids, such as 
β-carotene and xanthophylls (Tambussi 2004, Huang & 
Guo 2005), which reduce or prevent oxidative stress and its 
damaging effects by dissipating excess energy such as heat 
(Trebst 2003). 
 The measurement of lipid peroxidation through evaluation 
of MDA concentration is considered as biochemical marker 
of lipid membrane injury by cold (Verma & Dubey 2003). A 
high MDA concentration indicates oxidative damage (Yun 
et al. 2010). Low MDA concentration in tolerant control 
genotype and high levels in susceptible control genotype was 
observed. High levels of MDA concentration were observed 
after cold stress in rice. This agrees with the results reported 
by Kim & Tai (2011), who also found differences in MDA 
concentration in seedling rice after being subjected to cold 
conditions of 9 °C for 14 d. Low MDA levels in experimental 
lines are possibly due to the increased presence of enzymatic 
and non-enzymatic antioxidants, which play important role in 
the survival of seedlings during a period of stress (Foyer et al. 
1997, Malecka et al. 2001, Kim & Tai 2011). Cold stress in 
rice can cause increase in the activity of superoxide dismutase 
(SOD) (Kuk et al. 2003), ascorbate peroxidase (APX), and 
glutathione reductase (GR) (Moradi & Ismail 2007). In 
addition, non-enzymatic systems allow detoxification through 
the xanthophyll cycle in rice seedlings after cold exposure 
(Bonnecarrère et al. 2011). However poor differentiation was 
observed between experimental lines using this trait. 
 Low heritability was calculated for Fv/Fm values which 
can be an indicator of high environmental influence in this 
trait. SES was confirmed as the good parameter for selecting 
cold-tolerant rice genotypes due to good values of heritability. 
On the other hand, Chl content could be used in future analysis 
because of significant positive correlation with SES (0.41) 
and normal distribution of the data. However, moderate broad 
sense heritability calculated for this trait (0.22) required the 
use of SES scale in all evaluations, as control.
 The combination of BLUP and multivariate analysis of 
all traits, allowed to differentiate between genotypes with low 
cold tolerance and genotypes with intermediate cold tolerance. 
Related works have used this methodology successfully 
for genotype selection (Balestre et al. 2010, Thomason & 
Phillips 2006). Using this methodology we selected two 
candidate genotypes with promising cold tolerance. Finally, 
our findings could be applied in the temperate rice production 
areas, they are likely to be of great interest to the international 
groups working on this subject.
CONCLUSIONS
The multivariate analysis of morphophysiological traits allowed 
the hierarchical ordering of rice genotypes at the seedling stage 
of Rice Breeding Program according to cold damage. Analysis 
of lipid peroxidation in the different genotypes was not related 
to visual cold damage. Furthermore, Chl was successfully 
related to visual cold damage. Cold tolerance of 39% of 
the experimental lines evaluated can be explained by the 
systematic use of high cold tolerance Chilean varieties in the 
crosses. The experimental lines with high cold tolerance have 
high importance to increase cold tolerance at seedling stage in 
the Rice Breeding Program. Genotypes with highest tolerance 
to cold were Quila 242002 and Quila 241304, while genotypes 
more susceptible at low temperatures were Quila 64117, Quila 
260312 and 241607. Based on this results, we suggest that 
SES and Chl content were the most suitable traits to evaluate 
cold tolerance in rice seedlings at these conditions. These traits 
allow increase the accuracy in cold tolerance evaluation of the 
experimental lines studied.
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Supplemental data. Means of traits values evaluated in rice genotypes studied. Standard evaluation system scale (SES); maximum quantum yield 
of Photosystem II (Fv/Fm); chlorophyll content (Chl); malondialdehyde concentration (MDA). ±SE corresponding to standard error of three 
repetitions.
Datos suplementarios. Medias de los valores para atributos evaluados en los genotipos de arroz estudiados. Escala del sistema de evaluación 
estándar (SES); eficiencia máxima fotoquímica del fotosistema II (Fv/Fm); contenido de clorofila (Chl); concentración de malondialdehido 
(MDA). ±SE corresponde al error estándar de tres repeticiones.
 
 N° GENOTYPE SES ± SE Fv/Fm ± SE Chl ± SE  MDA ± SE 
 1 Ambar 2.33 ± 0.67 0.83 ± 0.01 187.3 ± 29.6 1.61 ± 0.07
 2 INIAG 115 3.00 ± 0.00 0.81 ± 0.02 169.0 ± 18.6 1.78 ± 0.13
 3 INIAG 144 3.00 ± 0.00 0.82 ± 0.02 175.1 ± 11.9 2.37 ± 0.45
 4 INIAG 165 3.67 ± 0.88 0.82 ± 0.02 124.2 ± 9.6 2.16 ± 0.32
 5 INIAG 169 3.67 ± 0.67 0.82 ± 0.03 108.3 ± 27.0 1.99 ± 0.29
 6 INIAG 172 3.00 ± 0.00 0.83 ± 0.02 182.7 ± 33.2 2.60 ± 0.16
 7 INIAG 257 3.33 ± 0.33 0.79 ± 0.03 182.8 ± 27.2 2.25 ± 0.32
 8 INIAG 27 2.67 ± 0.33 0.83 ± 0.03 254.1 ± 17.4 1.87 ± 0.06
 9 INIAG 70 4.00 ± 1.00 0.82 ± 0.02 155.6 ± 48.0 2.28 ± 0.40
 10 INIAG 79 2.33 ± 0.67 0.82 ± 0.02 179.2 ± 14.4 2.24 ± 0.20
 11 INIAG 99 3.33 ± 0.33 0.84 ± 0.01 151.2 ± 33.2 2.21 ± 0.08
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 N° GENOTYPE SES ± SE Fv/Fm ± SE Chl ± SE  MDA ± SE 
 12 Oryzica 1 7.67 ± 1.33 0.40 ± 0.19 64.82 ± 14.8 8.17 ± 4.30
 13 Quila  241313 2.00 ± 0.00 0.80 ± 0.02 205.7 ± 21.6 1.92 ± 0.20
 14 Quila 194602 3.00 ± 0.58 0.81 ± 0.02 166.6 ± 12.1 1.74 ± 0.08
 15 Quila 194603 3.33 ± 0.33 0.78 ± 0.04 175.8 ± 27.3 2.11 ± 0.21
 16 Quila 200112 3.33 ± 0.33 0.76 ± 0.02 171.4 ± 19.7 2.68 ± 0.24
 17 Quila 208902 4.00 ± 0.58 0.82 ± 0.02 111.6 ± 54.9 1.80 ± 0.31
 18 Quila 213007 3.33 ± 0.33 0.80 ± 0.01 206.3 ± 25.2 1.85 ± 0.16
 19 Quila 216202 3.67 ± 0.67 0.82 ± 0.04 162.9 ± 42.0 2.42 ± 0.13
 20 Quila 216501 2.67 ± 0.33 0.84 ± 0.00 172.0 ± 38.2 2.05 ± 0.12
 21 Quila 222204 2.33 ± 0.67 0.83 ± 0.02 167.1 ± 18.1 3.44 ± 1.29
 22 Quila 222703 2.67 ± 0.67 0.83 ± 0.02 240.4 ± 15.0 2.29 ± 0.20
 23 Quila 223105 2.67 ± 0.33 0.83 ± 0.02 193.8 ± 38.2 1.76 ± 0.26
 24 Quila 223202 2.67 ± 0.67 0.85 ± 0.01 215.3 ± 11.5 1.81 ± 0.25
 25 Quila 224802 2.33 ± 0.33 0.85 ± 0.01 191.8 ± 31.6 1.81 ± 0.34
 26 Quila 225102 2.33 ± 0.33 0.85 ± 0.00 231.1 ± 11.7 1.89 ± 0.28
 27 Quila 231701 2.33 ± 0.33 0.84 ± 0.01 193.7 ± 35.9 2.16 ± 0.32
 28 Quila 240101 3.67 ± 0.33 0.82 ± 0.02 218.7 ± 26.1 3.07 ± 0.27
 29 Quila 240103 4.00 ± 0.58 0.81 ± 0.02 184.2 ± 48.6 2.17 ± 0.31
 30 Quila 240208 2.33 ± 0.33 0.83 ± 0.01 177.4 ± 51.4 1.69 ± 0.29
 31 Quila 241304 1.67 ± 0.33 0.82 ± 0.02 279.6 ± 20.4 2.18 ± 0.22
 32 Quila 241305 2.33 ± 0.33 0.83 ± 0.02 263.4 ± 6.7 1.91 ± 0.20
 33 Quila 241307 3.00 ± 0.00 0.79 ± 0.02 149.6 ± 42.4 1.98 ± 0.09
 34 Quila 241315 3.33 ± 0.33 0.82 ± 0.01 252.1 ± 34.8 2.91 ± 0.90
 35 Quila 241319 2.67 ± 0.33 0.79 ± 0.01 226.5 ± 15.8 2.43 ± 0.35
 36 Quila 241321 2.67 ± 0.33 0.81 ± 0.01 243.0 ± 11.9 1.68 ± 0.29
 37 Quila 241605 3.00 ± 0.00 0.81 ± 0.01 242.7 ± 38.5 1.86 ± 0.08
 38 Quila 241607 7.00 ± 1.00 0.83 ± 0.01 133.0 ± 6.4 3.48 ± 0.94
 39 Quila 241610 3.00 ± 0.00 0.84 ± 0.01 174.1 ± 39.3 2.41 ± 0.35
 40 Quila 241612 2.67 ± 0.33 0.85 ± 0.01 253.0 ± 19.6 1.89 ± 0.31
 41 Quila 241701 1.67 ± 0.33 0.84 ± 0.01 217.3 ± 35.9 1.51 ± 0.13
 42 Quila 241703 3.00 ± 0.00 0.84 ± 0.01 202.8 ± 20.3 2.26 ± 0.34
 43 Quila 241801 4.00 ± 0.58 0.82 ± 0.01 130.2 ± 29.5 2.60 ± 0.38
 44 Quila 242002 2.67 ± 0.33 0.85 ± 0.01 295.3 ± 60.2 2.13 ± 0.34
 45 Quila 242003 3.33 ± 0.33 0.83 ± 0.01 256.3 ± 36.5 2.26 ± 0.37
 46 Quila 242006 2.67 ± 0.33 0.83 ± 0.02 230.7 ± 7.3 1.65 ± 0.37
 47 Quila 242007 2.67 ± 0.67 0.83 ± 0.01 179.4 ± 26.2 5.57 ± 3.86
 48 Quila 242010 3.33 ± 0.33 0.81 ± 0.03 223.0 ± 11.5 2.05 ± 0.45
 49 Quila 242011 2.67 ± 1.67 0.82 ± 0.02 212.3 ± 56.1 1.86 ± 0.13
 50 Quila 242012 3.00 ± 0.58 0.80 ± 0.02 193.8 ± 21.7 2.32 ± 0.12
 51 Quila 242101 2.67 ± 0.33 0.84 ± 0.01 191.6 ± 34.8 1.48 ± 0.26
 52 Quila 242106 2.67 ± 0.33 0.79 ± 0.03 173.1 ± 28.2 2.39 ± 0.05
 53 Quila 242108 3.33 ± 0.33 0.83 ± 0.01 183.0 ± 47.9 2.11 ± 0.33
 54 Quila 242112 3.00 ± 0.00 0.83 ± 0.02 177.2 ± 35.1 1.96 ± 0.18
 55 Quila 242114 3.00 ± 0.58 0.83 ± 0.02 237.6 ± 37.7 2.21 ± 0.23
 56 Quila 242115 2.33 ± 0.33 0.84 ± 0.01 250.3 ± 23.8 1.95 ± 0.07
 57 Quila 242121 3.00 ± 0.00 0.83 ± 0.00 202.6 ± 25.7 2.30 ± 0.59
 58 Quila 242203 3.00 ± 0.00 0.83 ± 0.01 204.9 ± 37.6 3.03 ± 0.43
 59 Quila 242204 3.67 ± 0.33 0.82 ± 0.03 164.3 ± 23.0 2.58 ± 0.43
 60 Quila 242207 2.33 ± 0.33 0.82 ± 0.03 210.4 ± 30.4 1.91 ± 0.15
 61 Quila 242415 2.67 ± 0.33 0.83 ± 0.01 249.8 ± 8.0 2.42 ± 0.19
 62 Quila 242420 2.67 ± 0.33 0.83 ± 0.01 244.4 ± 8.3 1.81 ± 0.21
 63 Quila 242504 3.00 ± 0.00 0.82 ± 0.01 204.7 ± 31.0 1.86 ± 0.28
 64 Quila 242608 4.33 ± 0.88 0.80 ± 0.02 145.7 ± 26.9 2.27 ± 0.20
 65 Quila 242609 3.33 ± 0.33 0.83 ± 0.01 202.2 ± 23.3 2.13 ± 0.28
 66 Quila 242610 3.00 ± 0.00 0.82 ± 0.01 200.6 ± 27.4 2.16 ± 0.32
 67 Quila 242612 3.00 ± 0.58 0.77 ± 0.07 190.8 ± 20.0 2.26 ± 0.53
 68 Quila 242613 4.00 ± 1.00 0.79 ± 0.01 189.2 ± 38.7 2.28 ± 0.44
 69 Quila 242616 3.33 ± 0.33 0.84 ± 0.00 204.3 ± 29.0 2.36 ± 0.30




 N° GENOTYPE SES ± SE Fv/Fm ± SE Chl ± SE  MDA ± SE 
 71 Quila 242703 3.33 ± 0.33 0.83 ± 0.02 194.2 ± 36.3 2.26 ± 0.07
 72 Quila 242802 3.00 ± 0.58 0.82 ± 0.03 170.7 ± 35.3 2.57 ± 0.39
 73 Quila 242808 3.00 ± 0.58 0.84 ± 0.01 130.3 ± 35.4 2.72 ± 0.87
 74 Quila 243008 2.67 ± 0.33 0.82 ± 0.00 190.1 ± 27.0 2.36 ± 0.54
 75 Quila 243010 2.00 ± 1.00 0.83 ± 0.01 192.0 ± 21.4 1.93 ± 0.31
 76 Quila 244013 3.33 ± 0.33 0.86 ± 0.00 201.5 ± 25.7 1.41 ± 0.16
 77 Quila 249002 3.00 ± 0.00 0.85 ± 0.01 176.3 ± 21.1 2.60 ± 0.43
 78 Quila 249006 4.33 ± 0.33 0.83 ± 0.01 190.0 ± 20.2 1.83 ± 0.22
 79 Quila 249101 2.67 ± 0.33 0.84 ± 0.00 230.8 ± 24.6 2.45 ± 0.31
 80 Quila 249103 3.00 ± 0.58 0.84 ± 0.01 191.3 ± 51.0 1.76 ± 0.24
 81 Quila 249104 3.00 ± 0.00 0.82 ± 0.01 143.8 ± 60.4 2.29 ± 0.55
 82 Quila 249203 3.33 ± 0.88 0.84 ± 0.00 228.6 ± 17.6 1.89 ± 0.47
 83 Quila 249301 3.33 ± 0.88 0.83 ± 0.02 186.7 ± 37.2 3.47 ± 1.40
 84 Quila 249303 2.67 ± 0.33 0.82 ± 0.02 245.3 ± 15.8 2.15 ± 0.18
 85 Quila 249304 3.33 ± 1.45 0.84 ± 0.01 219.6 ± 46.9 2.39 ± 0.50
 86 Quila 251303 3.33 ± 0.88 0.83 ± 0.02 158.5 ± 40.9 1.86 ± 0.37
 87 Quila 252201 3.67 ± 0.33 0.83 ± 0.01 187.3 ± 27.5 2.20 ± 0.45
 88 Quila 252702 4.00 ± 1.00 0.83 ± 0.01 164.2 ± 66.1 2.28 ± 0.29
 89 Quila 252801 3.33 ± 0.33 0.78 ± 0.06 158.8 ± 45.4 2.60 ± 0.27
 90 Quila 253003 2.67 ± 0.33 0.82 ± 0.01 180.7 ± 34.2 1.67 ± 0.10
 91 Quila 253701 2.33 ± 0.33 0.83 ± 0.02 178.4 ± 21.8 2.08 ± 0.16
 92 Quila 254101 4.00 ± 1.00 0.82 ± 0.02 191.1 ± 47.9 2.30 ± 0.17
 93 Quila 254701 4.00 ± 1.15 0.79 ± 0.04 130.1 ± 17.5 1.40 ± 0.11
 94 Quila 256001 4.33 ± 1.20 0.82 ± 0.01 121.7 ± 57.9 2.02 ± 0.30
 95 Quila 256002 2.33 ± 0.33 0.82 ± 0.02 192.4 ± 18.8 1.85 ± 0.17
 96 Quila 256101 2.33 ± 0.33 0.85 ± 0.01 247.3 ± 19.7 1.78 ± 0.21
 97 Quila 256103 2.67 ± 0.33 0.82 ± 0.01 190.4 ± 34.8 2.20 ± 0.20
 98 Quila 256104 2.67 ± 0.33 0.83 ± 0.01 184.5 ± 19.7 1.75 ± 0.26
 99 Quila 256106 2.67 ± 0.67 0.79 ± 0.04 236.8 ± 20.6 2.33 ± 0.43
 100 Quila 256501 3.33 ± 0.33 0.82 ± 0.03 193.7 ± 26.2 2.15 ± 0.13
 101 Quila 256601 1.67 ± 0.67 0.84 ± 0.02 183.7 ± 17.1 1.79 ± 0.14
 102 Quila 256602 3.33 ± 0.33 0.82 ± 0.01 181.0 ± 12.5 1.89 ± 0.05
 103 Quila 256603 2.67 ± 0.33 0.83 ± 0.01 163.4 ± 29.3 2.19 ± 0.28
 104 Quila 256701 2.67 ± 0.33 0.83 ± 0.01 227.6 ± 18.2 2.70 ± 0.88
 105 Quila 256901 2.33 ± 0.33 0.80 ± 0.02 171.6 ± 44.7 1.61 ± 0.07
 106 Quila 260312 7.33 ± 0.33 0.75 ± 0.05 114.6 ± 54.5 2.80 ± 0.29
 107 Quila 260404 3.00 ± 0.00 0.82 ± 0.02 187.6 ± 40.1 1.99 ± 0.17
 108 Quila 64117 5.67 ± 0.87 0.66 ± 0.07 102.5 ± 27.2 5.51 ± 2.73
 109 RQuila 17 3.00 ± 0.00 0.84 ± 0.01 174.5 ± 26.6 2.65 ± 0.23
 110 Rquila 356 2.33 ± 0.67 0.83 ± 0.02 181.3 ± 39.1 2.00 ± 0.19
 111 RQuila 363 3.00 ± 0.58 0.82 ± 0.01 182.5 ± 42.6 2.05 ± 0.21
Cold tolerance evaluation in temperate rice seedling: donoso, G. et al.
